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Abstract. Methane (CH•) emission from Philippine rice paddies was monitored with a 
closed chamber technique during the 1992 dry and wet season. CI-h emissions were 
significantly higher in the dry season. Application of green manure stimulated CI-In 
emissions. In plots that received more than 11 t ha 4 of fresh green manure, CH n 
emission was highest during the first half of the growing season. Significant amounts 
of CI-In may evolve during or immediately after transplanting, if the organic amend- 
ments are incorporated 1 to 3 weeks before transplanting. Laboratory incubations of 
soil cores show that CI-h production is highest near the soil surface. CH n production in 
green manure treated fields is higher than in urea-fertilized fields, but toward the end 
of the season this difference is less pronounced. Around panicle initiation, the fraction 
of CH n produced, which was emitted to the atmosphere, is lower than at tillering or 
ripening. The impact of organic amendments on CHn emissions at differera locations of 
the world can be described by a dose response curve, ff CH• emission from organically 
amended plots is expressed relative to CI-In emission from mineral fertilized plots of 
the same location and season. Various organic amendments (e.g., straw, fermented 
residues) have a similar effect on CHn emissions after correction for differences in 
easily decomposable carbon content. 
Introduction 
Atmospheric methane concentrations have increased from 
about 0.8 to 1.7 parts per million by volume (ppmv) since 
preindustrial times [Blake and Rowland, 1988; Khalil et al., 
1989]. Although the atmospheric CI• concentration is much 
lower than the atmospheric oncentrations of the most 
important greenhouse gases, I-I20 and CO2, the rising 
atmospheric methane concentration may significanfiy affect 
global temperature. The importance of CH• as a greenhouse 
gas is due to its relatively large annual concentration i crease 
of approximately 0.8% [Intergovernmental Panel on Climate 
Control (IPCC), 1992] and its high global warming potential 
(GWP) of 26.9 for a 10-year integration period [Lelieveld et 
al., 1993]. Furthermore, CI• merits attention due to its 
relatively short atmospheric lifetime compared to other 
greenhouse gases such as CO2, N20, and CFCs. To stabilize 
the atmospheric CI-In concentration, a reduction of about 10% 
in anthropogenic emission would be required, whereas for 
other gases much higher reductions would be required 
[Lelieveld et al., 1993]. Such a decrease in an anthropogenic 
source may be the cause for the dramatic decrease in the 
growth rate of atmospheric CI-In in 1992 [Dlugokencky etal., 
1994]. Studies on the atmospheric CI• cycle have stressed 
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the need for identification of individual CH4 sources and 
their source strength. Wetland rice fields are an important 
source of methane, accounting for approximately 20% of the 
global anthropogenic methane mission [IPCC, 1992]. 
Methane is produced by strict anaerobic bacteria 
(methanogens). Anaerobic onditions occur in, for example, 
aquatic sediments, natural wetlands, and wetland rice fields. 
Under such conditions, organic matter is degraded to the 
gaseous end-products known as CO2 and CI-h [Acharya, 
1935a, b]. Acharya [1935a, b] found that the rate at which 
anaerobic decomposition of rice straw proceeds, as well as 
the ratio of CO2 to CHn produced, depended on several 
factors such as temperature and pH. Two major pathways in 
submerged soils produce CH, [Takai, 1970; Neue and 
Scharpenseel, 1985]. 
1. Reduction of CO2 with I-• or organic molecules (I-I2A) 
as the H donor. 
CO2 + 4H2A --> CH• + 2H20 + 4A (1) 
2. Decarboxylation (transmethylation) of acetic acid. 
CHsCOOH --• CH• + C02 (2) 
Various factors influence the ratio of CH• and CO2 produced. 
In line with Acharya [1935b], Tsutsuki and Ponnamperuma 
[1987] reported that much less CH4 than CO2 was generated 
in straw-amended rice soils at 20 øC. Raising the temperature 
to 35 øC increased the formation of both gases but stimulated 
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especially CHn production which sometimes equalled the CO2 
production. For a more detailed description and review of the 
biogeochemistry of methanogens and their substrate require- 
menas we refer to Oremland [1988]. The addition of organic 
matter to a wetland rice field will enhance CI-h emissions by 
fuelling (1) and (2). This has indeed been observed in field 
experiments in Italy [Sch '#Jz et al., 1989a], Japan [Yagi and 
Minami, 1990], the United States [Sass et al., 1991; Cicerone 
et al., 1992], China [Wassmann et al., 1993a, b] and 
Philippines [Neue et al., 1993]. However, the magnitude of 
the CHn fluxes induced by organic matter addition may vary 
widely across locations. This may be caused by differences 
in soil types, water regime, and climatic factors (e.g., 
temperature and solar radiation) among locations which may 
limit microbial productivity in general or, as outlined above, 
influence the ratio of CI-I4 and CO2 produced. 
The objective of this paper was to gather baseline CI-h 
emission data from a flooded rice field in the tropics 
(Philippines) and to assess the impact of green manure 
application on CHn emission. Green manure can be produced 
by growing nitrogen (NO fixing plants like Sesbania or 
cowpeas between rice crops, simultaneous cultivation of 
Azolla with the rice crop, or by collecting cuttings of annual 
or perennial plants or trees grown elsewhere. The application 
of green manure adds and recycles nitrogen and other 
nutrients, increases soil organic matter, and improves the 
soils physical and biological properties. [Singh, 1984; 
Ventura and Watanabe, 1993]. Green manuring is an old and 
common practice in important rice growing countries like 
India and China [Singh, 1984]. Data on organic amendments 
of rice soils per country are scant, but in general, green 
manuring decreases as a result of increasing cropping 
intensity and the decreasing cost and improved availability of 
fertilizers. The area planted to green manure in China 
increased from 2 million ha in 1950 to 10 million ha in the 
middle 1970s but steadily decreased thereafter to 4 million 
ha in 1987 [Stone, 1990]. However, the growing concern 
about declining soil fertility and sustainability of agricultural 
systems has increased the interest in N2-fixing green manure 
and other organic amendments. 
Materials and Methods 
Field Preparations 
Field measurements of CH• emission were performed 
during the 1992 dry season (January-May) and 1992 wet 
season (July-November) in a wetland rice field of the 
International Rice Research Institute (IRRI), Los Batlos, 
Philippines. The soil at the field site is an Aquandic 
Epiaqualf [Soil Survey Staff, 1992] consisting in the topsoil 
of 66% clay, 28% silt, and 6% sand. It contains 1.97% 
organic carbon, 0.166% total nitrogen, and has a pH H20 of 
5.9. 
In both the dry and following wet season, rice variety 1R72 
was planted at a plant spacing of 20x20 cm. The field was 
flooded, ploughed, and puddled 2 weeks before transplanting. 
The green manure (Sesbania rostrata), grown on neighbour- 
ing plots, was harvested, chopped and incorporated without 
standing water 1 week before transplanting. Basal urea was 
incorporated without standing water at final harrowing on the 
day of transplanting. Application rates of urea and green 
manure (GM) are given in Table 1. The GM added one week 
before particle initiation was chopped, placed between the 
rows of rice planas, and pushed into the soil. The topsoil 
(about 0.2 m) from the plots that received GM in the 1992 
dry season was replaced with unamended soil from the same 
block of the research farm before the wet season to avoid 
residual effects. 
Experimental Apparatus 
Methane emission rates were monitored with an automatic 
measurement system based on the closed chamber technique 
as developed by Schatz et al. [1989a]. The system allows 24- 
hour semicontinuous determination of CH• emission rates. 
Measurements were performed in 2-hour cycles, providing 12 
flux measurements per day for the entire growing season. 
Such intensive monitoring is necessary, because the diurnal 
and seasonal changes in CH• fluxes from rice fields are high 
[Schatz et al., 1989a]. The chambers were made of smooth 
colorless plexiglass and equipped with lids that are opened 
and closed by time-controlled pneumatic cylinders. Two 
electrical fans (12 or 24 V DC) were mounted inside the 
boxes to ensure rapid mixing of the air within the chamber 
when closed during sampling and with the ambient air when 
the cover was open. Air samples from the individual closed 
chambers were analyzed for CHn with a gas chromatograph 
(GC) equipped with a 6-port valve, sample loop, and flame 
ionization detector (FID). The large number of samples made 
it necessary to install one GC with two channels and an extra 
GC with one channel. Further details of the measurement 
system are given by $ch '#Jz et al. [1989a] and International 
Atomic Energy Agency (IAEA) [1992]. Modifications of the 
system used in this study were (1) the closing time of the 
chambers during sampling was 24 min to reduce plant stress, 
and (2) the supply of calibration gas from a separate con- 
tainer, resembling the chambers in the field rather than 
directly from a gas cylinder, to ensure equal pressure in the 
gas flow system during sampling and calibration of the 
system. 
The methane emission rate was calculated from the slope 
of a linear regression of the CI-I4 concentration against ime 
over the sampling interval. Four samples were taken per 
inter•al. This regression had almost always r2 > 0.95. An 
extra check on the raw data was performed if ? is < 0.9, 
because this often indicated technical problems with gas 
sampling or injection; such data were discarded. Daily CHn 
emission rates were calculated from the 12 flux measure- 
menas in 24 hours. The chambers could only be placed in the 
field immediately after transplanting, and reliable flux data 
were obtained after some days of fine tuning the system. No 
data are available for the period from flooding the field to 
transplanting. 
Potential CH• Production in Soil Columns 
Duplicate soil cores of about 10-cm length were taken from 
each treatment between the rows (10 cm from a hill), using 
4.4-cm inner diameter acrylic core tubes with a length of 25 
cm. Soil cores were collected at 26, 52, and 94 days after 
transplanting, corresponding to three growth stages of the 
rice plant, tillering, panicle initiation, and ripening, respect- 
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ively. The cores were sliced into 2.5-cm thick segments 
resulting in four different depth intervals; 0 to 2.5 cm, 2.5 to 
5 cm, 5 to 7.5 cm, and 7.5 to 10 cm. Each segment was 
mixed with 30 mL of demineralized water and transferred to 
a 125-mL eriemeyer flask of a known total volume. The 
flasks were sealed with suba-seals, flushed with N 2, and 
placed in a waterbath shaker (T = 30øC) for preincubation 
overnight. The following day the flasks were purged with N2. 
Six headspace gas samples were taken with intervals of about 
1 hour and analyzed for CHn. After each sampling, the 
headspace volume was readjusted by injecting a sample 
volume of N2 in to the eriemeyer flask. CH4 production rates 
were calculated, after correction for dilution, from the 
increase over time of CI-I 4 in the headspace. 
Field Design 
The field design for the urea and 11 t ha '• green manure 
(GM I) treatment was laid out according to a randomized 
block design with four replicate plots (5x5 m) and one flux 
chamber (lxlxl.2 m) per plot (Table 1). For financial and 
logistic reasons, such a field design was not possible for all 
treatments. The highest green manure treatments (GM 1I and 
IlI) were set up parallel to the main experiment (5-m 
distance) but consisted of one plot (3x5 m) per treatment 
with two flux chambers (0.6x0.6xl.2 m) for replicate flux 
measurements. The standard eviations in CI-I 4 emission from 
the GM 1I and GM HI treatments were in the same range as 
observed for the urea and GM I treatments in the randomized 
block designed experiment (10-30%, Table 1). This indicates 
that the spatial variation in CI-In emission within plots of the 
size used here is similar to the variation in CH• emission 
from different plots with the same treatment. 
Results and Discussion 
Total methane emission and standard deviation for the 
treatments in each season are given in Table 1. CH4 emission 
was strongly stimulated by green manure application. 
Extrapolating CI-I• fluxes inside the chamber to respective 
open fields is only reliable, if the crop biomass inside and 
outside the chamber is the same [Sass et al., 1990]. Straw 
yield can be used as an indicator for total crop biomass 
(Table 1). In the dry season, straw yields inside and outside 
the gas collector chambers were not significantly different. 
The straw yield for the 1992 wet season inside the gas 
collector chambers was higher than outside the chambers, 
because the plants growing inside where protected against a 
typhoon which damaged the plants outside. Since higher 
biomass is expected to cause greater CI-h formation (e.g., 
more roots and root exudates) and transport hrough the 
plant, the wet season measurements may slightly overesti- 
mate CH 4 emissions from the surrounding field. This is 
especially true for the GM H plot which had a remarkable 
high straw yield inside the chambers. 
Methane emissions from similar treatments in the dry 
season are higher than in the wet season (Table 1). In both 
seasons the fields were irrigated and water shortage did not 
limit CH• production or plant growth. In the dry season, 
solar radiation is higher, but daily mean temperature islower 
at transplanting and only higher during the reproductive 
stage. The relationships of these climate factors to crop 
growth and CH• production/emission are complicated and not 
well understood. Grain yields are mostly higher in the dry 
season but straw yields may be similar. Tiller development 
is different. In the wet season, more unproductive (late) 
fillers develop. The younger the tillers the less they contrib- 
ute to CI-I• emission [Kimura, 1992]. A fully mechanistic 
understanding of the causes for interseasonal variation of 
CI-I4 emission is still lacking. Sass et al. [1991] presented a
quantitative relationship between solar radiation and CI• 
emission as well as crop yield which, if applied to our fields, 
would result in higher emissions during the dry season. This 
is in line with our restfits for 1992. However, long-term data 
are required to derive a general relationship between wet 
season and dry season emissions. In the mean time, both the 
dry and wet season have to be monitored for a reliable 
annual CHn emission estimate. 
Diel CH• emissions around 20, 60, and 85 days after 
transplanting for the urea and GM fertilized plots in the 1992 
wet season are shown in Figures la through lf. Peak 
emissions are measured between 1100 and 1500 LT. 
Nighuime emissions are lower, presumably because lower 
soil temperatures at night cause lower CH4 production rates, 
and possibly because higher ambient CO• concentrations in
the canopy at night can reduce transport hrough the plant. 
However, the higher ambient CO• concentrations in the 
canopy at night can only cause small variations in CH4 
emissions of maxium 5-10%, because plant-mediated CI• 
transport is driven by diffusion and mass flow of CO• has 
only a minor reducing impact on CI• emission [Denier van 
der Gon and van Breemen, 1993]. Higher CO• concentrations 
in the canopy will also result in stomatal closing, but CH n 
emission is independent of stomatal closing [Seiler et al., 
1984; Nouchi et al., 1990]. 
The original 2-hour CH4 flux rates were sunm•ed to daily 
fluxes. The average daily CH• fluxes in the 1992 dry season 
and wet season are shown in Figure 2. The average daily 
CHn fluxes in the first 2 weeks of the 1992 wet season are 
plotted separately in Figure 3 because the CH• emission level 
was much higher at this early stage, and the seasonal pattern 
would become less clear d the data were ploued in the same 
figure. The urea-fertilized plots are characterized by a slow 
but steady increase in CHn flux reaching highest emission 
levels toward the end of the growing season. This may be 
caused by the expanding root system of the growing plants 
which (a) creates a more efficient gas transport system from 
soil to atmosphere; (b) stimulates methanogens through the 
release of exudates and litter, as was also suggested by 
Schatz et al. [1989b] to explain observations in Italian rice 
paddies. 
The seasonal CH4 emission pattern is different in the green 
manure treatment. High CH• emission levels occurred within 
four weeks of transplanting (Figures 2 and 3). Increasing the 
green manure application from 11 to 20 t ha '• increased CHn 
emissions, but a further increase to 31 t ha '• did not further 
increase mission. By contrast, CH• emissions from GM HI 
were consistently lower than from GM II with the exception 
of the peak caused by the additional input of green manure 
(shaded part 1II, Figure 2b). The GM 1I and GM 1II treat- 
ments were the same until 1 week before particle initiation 
(35 days after transplanting) when the extra green manure 
was added to the GM III plot (indicated by the arrow in 
DENIE VAN DER GON AND NE•: • EMISSION FROM A WETLAND RICE FIEI.D 1:5 
CH 4 emission (mg.rd2.hr '1) 
A 
13:32 12:39 
021 22 23 24 25 
CH 4emission (mg.rd2.hr ' 1) 
11:41 10:46 B 
21 22 23 24 25 
6 
[' 15:00 
4 ---rl ...... i•:•)' ..................... II at• II 





O• I I I I 3 84 85 86 87 88 
Days after transplanting 
I I I 
6O 61 62 63 
12:20 F 
.... ..... 'i"' ........ 
I at I 
I I I I 
84 85 86 87 
Days after transplanting 
88 
Urea rep. 1 Urea•p. 2 GM II rep. 1 GM •krep. 2 
numbers above curves indicate time of day 
Figure 1. Diel methane missions from a Philippine rice field fertilized with urea (la, lc, and le) or 
green manure (lb, ld, and lf), at three different stages in the 1992 wet season (note the differences in 
Y-axis scaling). 
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Figure 2. Methane emission from aPhilippine rice field fertilized with urea or green manure (a) in the 
dry season a d (b) in the wet season f 1992. Shaded areas indicate the initial flush of CH4 from easily 
decomposable organic matter after input of 11 t ha '• green manure. 
120 
Figure 2b). In this early stage the CH• emission from GM II 
was already higher, indicating that the lower emissions from 
plot GM lII where not related to the extra green manure 
added later in the season. The difference is probably related 
to the higher straw yield inside the chambers of the GM II 
plot (Table 1). 
Cicerone and Shetter [1981 ] found that more than 90% of 
the total CH4 emission i  rice fields over a growing season 
was due to plant-mediated transport. In Italy, ebullition 
contributed only 4-9% to total CH• emission, and CH4 
emission by diffusion through the floodwater amounted to 
less than 1% of the total seasonal emission [Schiitz et al., 
1989b]. There was little CI• emission early in the season i
these studies. By contrast, in our green manure plots, early 
season CI-I4 emission isvery important, and the first 6 weeks 
following transplanting was the most important period of 
CH• emission if more than 11 t ha '• green manure was 
applied (Table 1). Sch'titz et al. [1989b] reported that during 
the very early growth stage of rice plants, ebullition caused 
all of the CH4 emission tothe atmosphere b cause the root 
system of the rice plants was not well established by then. 
Up to 20% of the total seasonal emission i  the high green 
manure treatments (GM II) occurred within 2 weeks after 
transplanting. The corresponding emissions in the urea- 
fertilized plots were only 1-2% of the total seasonal 
emission. Applying the seasonal distribution of CH• transport 
mechanisms found by Sch'atz et al. [1989b], ebullition 
contributes upto 30% to total CH• emission i the green' 
manure treated plots but less than 5% in our urea-fertilized 
plots. 
CH n emission from incorporated green manure started 2 to 
3 weeks after incorporation, as seen from the effect of the 
additional 11 tons fresh green manure applied 35 days after 
transplanting (Figure 2b). The effect of the additional green 
manure was comparable to the the peak observed immediate- 
ly after transplanting  the GM I plot (compare shaded part 
I and III, Figure 2b) which received the same amount of 
green manure 1 week before transplanting. 
From 6 weeks after transplanting onward, the pattern of 
CH• emission from the GM plots was similar to that from 
the urea-fertilized plots, although t e emission level remained 
higher. The emission pattern of plot GM III was different 
because of the additional input of fresh green manure 35 
days after transplanting. 
Interpretation of Observed Diel CH4 Emission Patterns 
The contribution f ebullition as a major CH4 transport 
mechanism early in the growing season, followed by plant- 
mediated transport later in the season allows the interpreta- 
tion of observed differences in diel CH4 emission (Figrues la
to lf). A diel fluctuation i CI• emission was observed inall 
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Figure 3. Methane mission from a Philippine rice field in 
the first 2 weeks after transplanting in the wet season of 
1992. 
studies on CHn emission from rice fields and is highly 
correlated with soil temperature [Sass et al., 1991]. The diet 
emission pattern in our study varied (a) over the season, and 
(b) with the treatment. The urea-treated plot was character- 
ized by low emissions early in the season. The first weeks 
after transplanting, the emission pattern was more erratic 
(Figure la) than later in the season (Figures lc and le). 
Presumably, because bullition as a transport mechanism is
of a more erratic nature than diffusional plant-mediated 
transport. The diet fluctuation in • emission in the urea- 
treated plot becomes important only at the end of the 
growing season (Figure le) when nighttime missions were 
doubled or tripled in early afternoon. At the end of the 
season the rice plants release more root exudates and litter, 
thus stimulating CHn production [Schiirz et al., 1989b]. The 
increased availability of substrates may result in an enhanced 
response of methanogenic activity to higher day-time 
temperatures. 
Diel fluctuation in CH• emissions in the green manure- 
treated plots (Figures lb, l d, and lf) was important through- 
out the season. At the end of the season a similar pattern as 
in the urea-fertilized plot can be observed (Figures le and 
lf), suggesting the same mechanism isat work. By contrast, 
in the first weeks following transplanting diel fluctuation is 
large in the green manured plots but of no significance in
urea-fertitizexl plots (Figures la and lb). Although ebullition 
was probably the main CH• transport mechanism, it did not 
result in an erratic release of CH• from the green manure 
plots (r-squared of flux measurements > 0.9). Although 
ebullition itself is a discontinuous process it may result in an 
apparently continuous increase of CI• concentration in a 
closed chamber if the area covered by the chamber is large 
(0.36 and 1 m 2 in our study), the closing time of the chamber 
is long enough (24 rain in our study), and the CH• produc- 
tion in the soil is high. 
Later in the season, when the rice plants are well estab- 
tishec[, plant-mediated transport is the main CH• transport 
mechanism. Comparison of the diet fluctuation early in the 
season (Figure lb), with the diet fluctuation later in the 
season (Figures l d and lf) suggests that ebullition as a 
transport mechanism is more sensitive to diet temperature 
fluctuations than plant-mediated transport. A soil-temperature 
rise during the day time will not only stimulate CH• produc- 
tion, but also gas expansion which will enhance ebullition. 
This may also explain why the diet emission peaks in Figure 
lb appear earlier (1100 LT) than in Figures lc and If (1400 
LT), where the diet emission peak is more likely a reaction 
to enhanced CH• production only. 
Potential CH• Production in Soil Columns 
The average potential production of CH4 at various depths 
is presented in Table 2. Our incubation method involves 
shaking of the samples which may enhance the substrate 
availability, and the potential CH4 production reported here 
may overestimate in situ CH4 production. Although the 
absolute figures may be subject o discussion, a comparison 
between treatments and different growth stages is possible. 
The highest CH4 production occurred in the top layer, as was 
also found by Sass et al. [1990]. This is the layer with the 
highest biological activity and the turnover of algae, etc. may 
stimulate CI-h production. The potential CI-h production in 
the green manure plots is higher than in the urea-fertilized 
plots due to the input of fresh organic matter. Because the 
green manure was incorporated, CI-I• production in the 
deeper layers (2.5 to 10 cm) of the green manure plots is an 
important contribution to the total CI-In production. In the 
urea-fertilized plots, CH• production in the deeper layers 
becomes important owards the end of the season. Over time, 
the incorporated green manure is decomposed and root 
exudates and root littering from rice plants probably become 
the most important source of substrate for methanogens. 
Therefore the difference between urea and green manure 
treated plots becomes less pronounced toward the end of the 
season. 
The cumulative potential CI• production for each treatment 
was calculated to allow a comparison with the CH• emissions 
as measured in the field. The cumulative potential CI• 
production may be underestimated because the top 10 cm is 
taken into account only. Although CI-h production in our 
fields decreased with depth, deeper layers will contribute to 
total CH• production as well. It is therefore better to look for 
trends in the data than at absolute values. The potential CH• 
production in the urea-fertilized plot increases with time and 
resembles the trend in CI-I4 emission from the field. This is 
not the case for the green manure plots where the CH• 
production is fairly stable throughout the season, but the CH• 
emission shows a seasonal pattern with peaks early in the 
season and at the end of the season (Figure 2b). This 
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Table 2. Average Potential Production of CI-I• at 
Various Depths in Soil Cores From Urea Fertilized or 
Green Manure (GM), Fertilized Rice Fields, at three 
different growth stages in the Wet Season of 1992 
Depth, cm Potential C• •:Production, mg ' h '• 
Urea GM I GM tt 
Tillering, (26 DA7D 
0.0-2.5 0.85 17.76 18.42 
2.5-5.0 0.30 4.88 4.18 
5.0-7.5 0.05 3.36 2.47 
7.5-10 0.23 3.21 5.55 
Cumulative, mg m '2 d 4 34 701 735 
Fraction emitted, %b 59 44 87 
Panicle initiation, (52 DA7 •) 
0.0-2.5 2.69 6.31 13.58 
2.5-5.0 0.66 5.35 10.89 
5.0-7.5 0.35 4.12 5.74 
7.5-10 0.80 7.48 4.47 
Cumulative, mg m '2 d '• 108 558 832 
Fraction emitted, %b 43 25 36 
Ripening, (94 DAI n') 
0.0-2.5 4.92 9.10 10.73 
2.5-5.0 2.96 6.27 9.71 
5.0-7.5 2.96 5.09 4.24 
7.5-10 2.37 4.76 5.32 
Cumulative, mg m '2 d '• 317 605 720 
Fraction emitted, %• 95 76 69 
•)AT = days after transplanting. 
•(Field emission / cumulative production) x 100%. 
indicates that CH4 emission is not simply a fixed proportion 
of CHn produced. Calculation of the percentage of the 
cumulative potential CH• production that is emitted (Table 
2.) reveals that at particle initiation, a relatively small fraction 
of the methane produced is emitted, whereas at tillering and 
especially at ripening, much larger fractions of the produced 
CH• are emitted. CHn oxidation is the main sink for CH• 
produced in a rice field [Schatz et al. 1989b]. Therefore the 
lower percentages emitted around panicle initiation suggest 
a high CHn oxidation rate at this growth stage. Seasonal 
variation in CHn oxidation rates may be a clue to explain 
seasonal patterns in CH n emission. However, additional 
experiments with direct measurements of CH4 oxidation are 
necessary to confirm this hypothesis. Preliminary experi- 
menas with a specific inhibitor for CH• oxidation in our 
laboratory indicated a relation between CI-I 4 oxidation and 
the growth stage of the rice plant. 
Dose Response Relationship of CH 4 Emission 
to Organic Matter Input 
We broadened our data set by combining it with field data 
from Scht•z et al. [1989a], Yagi and Minami [1990], $ass et 
al. [1991], Cicerone et al. [1992], Lindau and Bollich 
[1993], and Wassmann et al. [1993a, b] so as to establish a 
quantitative relationship between CH• emission rates of 
various organically amended rice fields. We comprised ata 
from experimems that had both organic and mineral fertilizer 
arnendmenas in the same location, growing season, and year, 
because CH• emissions may differ dramatically between 
seasons (Table 1) and years [Wassmann et al., 1993a]. We 
excluded data from unfertilized treatments and straw treat- 
menas without compensatory nitrogen (e.g., urea) addition. 
Unfertilized control plots are, in any case, not representative 
for farmer practice and may show residual effects that are 
not documented. Straw application without additional N 
application causes various degrees of N iramobilization 
[Nagarajah et al., 1989], which can reduce crop biomass and 
may effect CHn emission rates. The selected data comprise 
rice fields treated with straw and mineral fertilizer (or urea), 
green manure, compost, fermented residues from biogas pits, 
rape seed cake, and mineral fertilizer (or urea). Data from 
pot experiments by Kimura et al. [1991, 1993] and Watanabe 
et al. [1993a] are included for comparison (shaded symbols 
Figure 4) but not used to establish aquantitative relationship 
because our objective was to explain field results. 
No clear relationship was found between the amount of 
organic inputs from these different sources and CH• emission 
(Figure 4a). A next step is to look at an added or incremental 
increase in emissions with added manure. First, different 
types of manure are di_'sfingmished because compost and 
fermented sludge contain lower amounts of easily 
decomposable carbon on a weight basis compared to straw 
or green manure [lnoko, 1984]. However, the incremental 
increase in CH• emission with added manure, excluding 
compost and fermented sludge treatments, is not consistent 
across locations (graph not shown). This indicates that the 
increase in CI-I4 emission is not dependent on substrate 
availability only, but other site-specific parameters play a 
role as well. For example, temperature regimes in different 
seasons influence the ratio of CO2/CHn produced in anaerobic 
decomposition, and a soil type may be more or less fayour- 
able to methanogens. To take these differences among 
locations into account, the CH n emission from organic matter 
treated plots was divided by that from mineral N-fertilized 
plots of the same location and growing season (Figure 4b). 
The fractional increase in CH4 emission (y) with organic 
matter added (x) could be described by a dose response 
curve 
b y =a+ , (3) 
1 + e c{d-x) 
where a,b,c, and d are coefficients. This equation describes 
a system in which the response to changes in a limiting 
variable increases initially but then declines to a point where 
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the variable is no longer limiting. It is therefore appropriate 
for the effect of carbon supply on CI• emission. The 
equation was fitted by nonlinear egression using Gauss- 
Newton iteration to m'mimize the residual sum of squares 
((4), ? = 0.79, Figure 4b). Introducing constant a (3) in the 
fit procedure did not result in a significant increase of the 
correlation, and it is therefore omitted. Data from California 
53 y = ß (4) 
1 + e 0.17(8.2-x) 
rice paddies [Cicerone t al., 1992] are not included in the 
curve fitting, because CHn emissions increased by a factor of 
14.7 upon incorporation of 5 t hff • straw, which was 
extremely high compared to other field experiments (Figure 
4b), showing that exceptions to (4) exist. The CI• emissions 
from the urea-fertilized plots in the study of Cicerone et al. 
[1992] are very low compared to the emission from urea- 
fertilized plots in other studies and therefore cause a relative- 
ly high fractional increase in CHn emission upon organic 
amendment. A possible explanation may be that the 
Californian soil is lower in easy mineralizable carbon due to 
long-term ineral fertilizer use, resulting in a much stronger 
increase in CI-I 4 production once additional carbon is added. 
Since (4) describes the relative CI-In emission increase as a 
result of added organic manure, a boundary condition was 
that y = 1 for an input of 0 t ha". Although a linear 
regression model (y = 0.16x + 1) would also fit the experi- 
mental data (? = 0.71, again excluding Cicerone t al. 
[1992]), a dose response curve appears to be correct from a 
theoretical point of view. Increasing organic matter inputs 
will only stimulate CI-h emission until a factor other than 
organic arbon availability becomes limiting. Factors limiting 
CI-I4 emission at high organic carbon inputs include (a) 
accumulation f organic acids to toxic levels, (b) availability 
of nutrients other than C, (c) growth rate of microbes that 
break down organic matter to simple substrates (acetic acid, 
He; (1) and (2)) that can be utilized by methanogens. 
The lag phase observed at low organic amendments (Figure 
4b) is unlikely to be due to a lag in methanogenesis, because 
laboratory experiments showed that CH4 production i creased 
in proportion to rice straw addition [Wang et al., 1992]. The 
lag may occur because a threshold concentration f soil- 
entrapped CI-I4 has to be exceeded. Once this threshold is 
20 DENIER VAN DER GON AND NEUE: CH4 EMISSION FROM A WETLAND RICE FIF. LD 
reached, CH4 ebullition may become an important gas 
transport mechanism when the rice root system is not yet 
well developed. Because ebullition is intrinsically a more 
rapid process than the other gas-escape processes, CHn 
escaping in bubbles is not being oxidized at the soil- 
floodwater interface or soil-root interface. Ebullition as an 
important CH4 transporting process in organic amended rice 
fields, may (parfly) explain the more than proportional 
increase in the steep part of the curve, because a larger 
fraction of the CH4 produced is emitted. 
The relative increase of CHn emission from rice fields in 
Texas upon incorporation f 6 t ha a straw was small, ranging 
from 1.1 to 1.6 [Sass et al., 1991]. However, Sass et al. 
[1991] incorporated 3.6 t ha '• of native vegetation i autumn 
while preparing the fields for seeding rice plants the follow- 
ing spring. Residual carbon from this field preparation may 
have stimulated CI• emissions from both organic and 
mineral fertilized plots, thereby decreasing the relative 
increase upon straw incorporation. The Japanese pot experi- 
ments [Kimura et al., 1991, 1993; Watanabe, 1993a] have 
high CI-I4 emissions compared to the Japanese field experi- 
ments [Yagi and Minami, 1990] (Figure 4a). Although this 
may be the difference between pot experiments and field 
experiments, it may also be caused by differences in the soil 
types or climatic factors. However, after scaling the CI• 
emissions as described earlier, the fractional increase in CI• 
emission from all Japanese xperiments are quite similar 
(Figure 4b). 
Tsutsuki and Ponnampertona [1987] have shown in 
laboratory incubation experiments that incorporation of 
compost in rice soils had a minor effect on CHn emission 
compared with rice straw or green manure. The amount of 
acetic acid, an important precursor for CH4, formed upon 
incorporation of compost as opposed to straw or green 
manure is small [Tsutsuki and Ponnarnperurna, 1987], 
suggesting that substrate availability to methanogens limits 
CH4 emission rates in compost-amended fields. Aerobic 
composting results in the degradation of easily decomposable 
carbon sources to CO2, reduction of total C, narrowing the 
C/N ratio, and a relative increase of more resistant organic 
matter residues [Inoko, 1984]. As a result, 1 t compost 
contains about three times less organic C than 1 t straw or 
green manure [Tsutsuki and Ponnamperuma, 1987]. Fermen- 
tation in biogas generators similarly reduces easily 
decomposable organic matter and increases more resistant 
residues. Delwiche and Cicerone [1993] and Watanabe et al. 
[1993b] have shown that different organic components in rice 
straw vary considerably in their effectiveness as a precursor 
for CId. If we allow for these differences by considering the 
effective organic matter content of added compost or 
fermented residues to be 1/6th of its true C content, the 
emission data agreed with (4) for straw and green manure 
(Figure 5, open symbols). This suggests that the amount of 
substrate for methanogens generated by compost incorpor- 
ation is approximately 6 times less than that generated by 
incorporation of equal amounts of straw or green manure. 
More data are required to verify that higher rates of compost 
will result in a levelling off of CH• emission. 
To mitigate CHn from rice fields, organic amendments 
should be minimized. But such a move has to consider also 
soil fertility aspects. Suzuki et al. [1990] studied the effects 
1 
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Figure 5. Effect of incorporation of fermented residues of 
biogas pits or compost on seasonal CH• emission from rice 
fields at various locations relative to the seasonal C• 
emission from mineral N-fertilized rice fields at the same 
locations. 
of organic and inorganic fertilizers on soil fertility and rice 
yields in a 60-year long-term field experiment in Japan. The 
yields in the organic fertilizer plot were clearly lower in the 
first 10 years, then reached the same level and eventually, 
after 30 years, became higher than the yields from the 
inorganic fertilizer plotß These findings are confirmed by 
other long-term experiments on the effects of organic matter 
on rice yield [IRRI, 1984]. This indicates that to sustain or 
increase soil fertility and rice yields, moderate organic 
amendments will be essential. However, the beneficial effects 
of moderate organic amendments can be obtained by using 
compost (e.g., cornposted rice straw) instead of fresh straw 
or green manure. 
Conclusions 
Total seasonal methane emission was strongly enhanced by 
incorporation of green manure. Previous studies indicated 
that more than 90% of the total CH4 emission over a season 
was due to plant-mediated transport, ebullition accounting for 
less than 10% [Cicerone and Shetter, 1981; Holzapfel- 
Pschorn et al., 1986; Schiitz et al., 1989b]. This figure 
agreed with the results from our urea-fertilized plots but in 
green manure plots the contribution of ebullition to total CI-I4 
transport appears to be higher. 
CHn production in urea-fertilized plots increases trongly 
over the growing season, but in green manure plots, CHn 
production is constant. For all treatments the fraction of 
methane produced, which is emitted to the atmosphere, was 
low around particle initiation when compared to the tillering 
stage or ripening stage. This suggests a seasonal pattern in 
CH• oxidation, because it is the most important sink for CH• 
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produced in rice fields. Experiments that focus on CH• 
oxidation efficiency throughout he growing season are 
highly desired. 
When CHn emission from organically amended plots was 
expressed relative to emissions from mineral fertilizer-treated 
plots, the impact of organic amendments on CI• emission 
can be described by a dose response curve. A single curve 
accounted for data from locations with different climates, soil 
types, and field managements. However, the curve fit could 
not explain all individual data implying that other factors 
may have to be included. A correction factor is needed for 
cornposted and fermented organic matter to account for the 
lower percentage of easy decomposable carbon. To reduce 
CI• emission from rice fields, organic amendments hould 
be minimized. However, this may conflict with soil fertility 
aspects as well as with the local availability of fertilizers. 
Compost has only a slightly stimulating effect on CI-I4 
emissions as opposed to straw or green manure amendments 
which greatly enhance CI• emissions. Therefore stimulation 
of cornposting appears to be a promising mitigation option. 
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